Patterning nanoscale protein gradients is crucial for studying a variety of cellular processes in-vitro. Despite the recent development in nanofabrication technology, combining sub-micrometric resolution and fine control of protein concentrations is still an open challenge. Here, we demonstrate the use of thermochemical scanning probe lithography (tc-SPL) for defining micro-and nano-sized patterns with precisely controlled protein concentration. First, tc-SPL is performed by scanning a heatable atomic force microscopy tip on a polymeric substrate, for locally exposing reactive amino groups on the surface, then the substrate is functionalized with streptavidin and laminin proteins. We show, by fluorescence microscopy on the patterned gradients, that it is possible to precisely tune the concentration of the immobilized proteins by varying the patterning parameters during tc-SPL. This paves the way to the use of tc-SPL for defining sub-micrometric protein gradients to be used as chemical cues for studying and regulating cellular processes in-vitro.
Introduction
Controlled distributions of extracellular matrix proteins (ECM) are known to regulate in-vivo a variety of cellular mechanisms such as growth, migration and differentiation [1] [2] [3] [4] [5] . For example, during the nervous system development, gradients of ECM proteins, such as laminins, are responsible for the cell adhesion to the ECM and guide neurite outgrowth and axonal elongation [6] [7] [8] [9] . The study and control of such processes necessarily rely on the fabrication of in-vitro models mimicking the complexity of the extracellular environment. With this goal, several biopatterning techniques have been developed during the past decades, including microdispensing techniques [10] and microfluidic systems [11] , optical lithography [12, 13] , photochemical patterning [14] [15] [16] . Nowadays, the most common technique is microcontact printing [17] [18] [19] [20] , which involves the creation of a stamp by soft-lithography from a microfabricated mold, and the subsequent transfer of molecules from the stamp to the final substrate with a fast and inexpensive printing process. Nano-shaving, an AFM-based technique was also used for defining protein patterns [21] ; however, it does not allow a straightforward control over the concentration of the immobilized molecules. A wide variety of microfluidic devices also in combination with grayscale soft-lithographic techniques were employed for generating protein gradients [22, 23] ; however, their resolution and versatility are limited and their complexity usually prevents them from being widely employed. Laser assisted photobleaching was successfully employed for creating gradients of ECM proteins [24] , but its resolution is limited by the diffraction of the laser beam. E-Beam lithography is a viable alternative for generating protein nanopatterns, but it requires suitable conductive substrates and the use of a cleanroom [25] . As shown, despite the recent developments in micro-and nano-fabrication technology enabled a plethora of methods for defining protein patterns, combining nanoscale resolution and precise control over the protein concentration is still an open challenge. Thermally-assisted scanning probe lithography is based on the use of a heated AFM tip to locally induce physicochemical modifications on the surface of a suitable substrate [26] [27] [28] [29] [30] . Recently, some of the authors showed that tc-SPL can be used for creating nanopatterns of reactive amino groups suitable for the immobilization of proteins [31] , and that it is possible to control the concentration of such amino groups with extreme precision by tuning the patterning parameters [32, 33] .
In this paper we demonstrate the creation by tc-SPL of arbitrarily shaped micro-and sub-micrometric patterns of controlled graded concentration of streptavidin and laminin proteins. First, controlled concentrations of reactive amino groups were exposed by tc-SPL. Subsequently the surface was selectively functionalized with streptavidin and laminin by exploiting the biotin-streptavidin complex in the bridge configuration [34] . Finally, the patterns were visualized via fluorescence microscopy. This work paves the way to the use of tc-SPL for defining nanoscale protein gradients for regulating and studying cellular processes in in-vitro cellular networks.
Materials and Methods

Thermochemical nanopatterning
tc-SPL patterning was performed on polymer coated Si substrates employing a modified Agilent 5500 scanning probe microscope. The methacrylate copolymer used for patterning presents functional amines (-NH 2) which are protected by tetrahydropyran (THP) carbamate groups [31] . Upon heating the surface around the deprotection temperature Td ~200°C, the protecting groups dissociate, unmasking the primary amines. Local deprotection of the polymer surface was achieved by sweeping a resistively heatable Si tip [35] in contact mode on the sample surface, while controlling the tip temperature, load and velocity. In particular, in this work the surface concentration of the exposed amine groups was controlled by varying the tip temperature during scanning, while maintaining a constant tip velocity of 12 μm/s and load. During patterning, the heater power PH, which is related to the tip temperature at the tip-sample interface, was recorded. When patterning the square-shaped structures, the tip was swept in a zig-zag fashion keeping a 125 nm distance between each line. At the end of each line, the tip was lifted from the surface and heated to clean and remove residues of the polymer. AFM visualization of the patterns was performed by scanning the sample surface with the same tip in contact mode.
Surface functionalization and fluorescence microscopy
The immobilization of laminin on tc-SPL patterns was achieved by employing the biotin-streptavidin bridge configuration, where a streptavidin molecule serves as a link between two biotinylated species. The high affinity and specificity of the biotin-streptavidin interaction allows the use of low concentrations of reagents and short reaction times, which in turn give rise to a low non-specific binding. First, NHS-biotin was bound to the tc-SPL patterns by incubating the patterned surface for 1 h with a 1 µM NHS-biotin solution in dimethyl-sulfoxide (DMSO). NHS-activated biotins react efficiently with primary amino groups (-NH2) on the patterned surface in alkaline buffers to form stable amide bonds. After incubation, the surface was washed repeatedly with de-ionized water (DI-H2O) and phosphate buffer solution (PBS). The surface was incubated for 30 min with a 100 nM DyLight® 633-streptavidin solution in PBS. The DyLight® 633 fluorophore, which emits in the red, allows visualization of the streptavidin patterns by fluorescence microscopy. After incubation, the surface was washed repeatedly with DI-H2O and PBS. A 40 nM solution of biotinylated laminin solution in PBS was incubated for 30 min. The Laminin-1 from Engelbreth-Holm-Swarm (EHS) mouse tumor tissue (MW ~ 850 kDa), already biotinylated, was purchased by Cytoskeleton, Inc.®. After the incubation, the surface was washed with DI-H2O and PBS. Laminin was visualized through immunofluorescence by incubating the surface with Sigma Rabbit AntiLaminin primary antibody (1:160 dilution in PBS, 1% BSA) for 1 h, and subsequently with Sigma Anti-Rabbit FITC conjugated secondary antibody (1:50 dilution in PBS, 1% BSA), for 45 min. Fluorescence imaging was performed using epifluorescence microscopy on an inverted Nikon TE2000 microscope equipped with a Nikon Intensilight for illumination and a Roper Scientific CoolSnap CCD camera. Images were obtained using a 40× 1.3 NA oil immersed objective.
Results and discussion
In Fig. 1 , the steps of the functionalization process are shown. First, tc-SPL was performed on the pristine polymer coated surface (panel a), for locally exposing a controlled concentration of amino groups (panel b). The patterns are visible both in the topography, shown in the inset of panel b, and in the friction image (not shown). In the first case, the height of the square pattern is related to the quantity of polymer removed due to the chemical deprotection process, which is determined by the heating temperature [32] . In the second case, the amino groups exposed produce an increase in the hydrophilicity of the polymer which, in turn, produces larger friction forces at the nanoscale due to larger capillary forces. [31] The inset in Fig. 1 (b) shows the topography image of a 3 x 4 array of 5 x 5 µm 2 squares, patterned increasing the heater power, indicated in white for each square. After patterning, the surface was incubated with NHS-biotin, panel (c), and subsequently with fluorescent streptavidin, panel (d), following the protocols described in the above section. The immobilized streptavidin acts as a bridge for the subsequent immobilization of biotinylated biomolecules, such as laminin in our case, panel (e). For allowing the visualization of the immobilized laminin, the surface was further incubated with anti-laminin primary antibody and subsequently with the fluorescent secondary antibody.
In order to demonstrate the versatility of tc-SPL for defining arbitrarily shaped micro-and sub-micrometric patterns with controlled protein concentration, we patterned arrays of squares ( Fig. 2 (a) ), triangles ( Fig. 2 (b) ), and single lines (Fig. 2 (c) and Fig. 2 (d) ) with different heating powers, and subsequently functionalized the surface with fluorescent streptavidin following the procedure described above. , reaching a maximum around 9.6 mW. If higher temperatures are applied, the polymer starts to show signs of decomposition, and thus a decrease in the intensity signal due to the reduced binding is observed, consistently with what observed in Ref. [32] . Fig. 2 (b) shows the fluorescence intensity of arrays of triangular shapes patterned employing a uniform heating power around 10 mW. indicates that the concentration of immobilized streptavidin is reflected in the concentration of the immobilized laminin, and confirms that the binding mechanism of laminin is the interaction between biotin and streptavidin in the bridge configuration. This demonstrates that by using tc-SPL generated amine gradients it is possible to control in a straightforward way the concentration of immobilized proteins and thus produce complex spatial gradients. 
Conclusion
In this paper, we demonstrated the nanopatterning of protein gradients via thermochemical scanning probe lithography. By varying the temperature of the heatable AFM tip during tc-SPL, we exposed controlled concentrations of amino groups on the sample surface. Such fine tuning of the concentration of the exposed amines was employed for immobilizing gradients of streptavidin and laminin proteins exploiting the biotin-streptavidin complex. We demonstrated that tc-SPL allows to generate micro-and sub-micrometric protein patterns combining the high resolution of scanning probe lithography with a straightforward control of the concentration of the immobilized biomolecules. High-speed patterning of large areas can be achieved by parallelizing tc-SPL as demonstrated in Ref. [36] . The combination of such features is particularly appealing for studying and exploiting in-vitro the interaction of cells with nanoscale chemical cues, e.g. for the development of neural networks, and the study of cell adhesion and differentiation via the nanopatterning of ECM proteins.
